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Abstract

Corrosion of reinforcing steel is a major area of study for assessing durability of reinforced
concrete infrastructure. Conventional concrete infrastructure designs use ordinary Portland
cement (OPC) as the primary cementitious material. However, the world’s current challenge
to achieve sustainable development requires the cement industry to reduce its environmental
impact, as it is responsible for 8% of the anthropogenic CO2 emissions. Hence, a new
type of cement has been developed. This novel calcium silicate cement (CSC) reduces the
carbon dioxide emissions during its manufacturing process as compared to OPC, providing
an environmentally-sound alternative for reinforced concrete fabrication.
Corrosion of steel reinforcement has been widely studied for OPC-based concrete. Therefore, corrosion-based structural life of traditional concrete formulations can be accurately
forecasted. Nevertheless, new cement technologies may imply different concrete material
properties, for which the long-term performance of these new concrete formulations needs to
be evaluated.
This thesis presents experimental results comparing the corrosion durability of two formulations of the aforementioned non-hydraulic, calcium silicate cement concrete to that of
one type of ordinary Portland cement concrete. Cured CSC-based concrete has a lower pore
water pH (9-11) than OPC-based concrete, likely resulting in a corrosion initiation stage
that is comparatively shorter. However, CSC-based concrete has a higher resistivity than
OPC-based concrete, making the formation of corrosion macrocells more difficult. Corrosion
experiments were performed to evaluate the corrosion-related durability of these two formulations. The array of tests included exposure to fresh water and salt water (each alternate
wetting and drying regimes) for different steel types. Additionally, accelerated corrosion
propagation tests were performed to assess the ability of each concrete formulation to acvi

commodate corrosion products as an indicator of the duration of the corrosion propagation
stage. The corrosion performance of each concrete formulation was evaluated in terms of
chloride diffusivity, corrosion rate, and the critical corrosion penetration required to crack the
concrete. This thesis provides a comparative estimate of corrosion-related service life based
on the necessary assumptions for a novel calcium silicate cement-based reinforced concrete.

vii

1. Introduction

Cement, the largest source of carbon dioxide emissions from carbonate decomposition, is a
binding material used in building and civil engineering construction [1]. It is a finely ground
powder that results in a hardened paste with added physical properties when hydrated
and is one of the major components of concrete. The production of cement requires high
temperatures and elevated energy consumption, making the cement industry responsible for
8% of the anthropogenic CO2 emissions [2]. Anthropogenic climate change impacts have been
widely shown to cause significant ecosystem shifts, human rights and health issues, economic
growth impediments, and social stability risks [3–5]. Human-induced greenhouse gas (GHG)
emissions are the primary source of global warming, where carbon dioxide (CO2 ) is the
largest contributor [6]. Anthropogenic CO2 emissions sources may be categorized as fossil
fuels burning, land-use changes and deforestation, and carbonate decomposition [7]. As the
world’s urban population is set to increase, the needs for further infrastructure development
are accelerating the global cement demand, which by 2019 increased at a rate of 3% per
year [8]. However, the world’s transition into sustainable development requires the cement
industry to be an active participant in this change by reducing its environmental impact
despite its expected increasing demand.
In an effort to decouple the cement production growth from the direct CO2 emissions,
four ways of achieving emissions reduction from the cement industry while ensuring concrete
infrastructure development were identified by the International Energy Agency (IEA) and
the Cement Sustainability Initiative (CSI): (i) improving energy efficiency, (ii) using less
carbon-intensive fuels, (iii) reducing the clinker-to-cement ratio, and (iv) developing and
implementing innovative technologies for cement production and concrete operation such as
carbon sequestration [9].
1

The most commonly used cement worldwide is ordinary Portland cement (OPC), and
its production requires burning raw materials such as limestone, sand, and clay at high
temperatures. The decomposition process of calcium carbonate (CaCO3 ) to produce calcium
oxide (CaO) and carbon dioxide (CO2 ) is the primary source of CO2 emissions from the OPC
manufacturing process. Additionally, the high temperatures needed during the process are
achieved through the burning of fossil fuels [10]. Several attempts to reduce CO2 emissions
from OPC have been made by addressing energy-efficiency needs and fossil fuels emissions
[11–13]. However, more ambitious action could be taken to reduce the clinker-to-cement
ratio carbon footprint.
A novel type of cement, calcium silicate cement (CSC), has been developed to address
these measures. During the manufacturing process, the OPC lime content requirement is
70%. CSC allows reducing the need for lime usage from 70% to 45%, resulting in lower CO2
emissions [10]. The CSC production process requires less kiln fuel consumption. Additionally,
the CSC’s primary curing reaction allows it to consume CO2 while curing.
In light of these novel cement and concrete technologies, durability concerns exist due to
the uncertainty in the long-term performance of the new formulations. Key areas of reinforced concrete durability study include concrete freezing and thawing, aggressive chemical
exposure, abrasion, alkali-silica reaction, and reinforcement corrosion. Reinforcement corrosion, specifically, is one of the main concerns for reinforced concrete structures as it represents
a major economic, structural, and safety issue from a country-level perspective. The global
cost of corrosion from all sources is approximately US$2.5 trillion, equal to 3.4% of the global
gross domestic product (GDP) (2013), and, on a country-specific context, the cost of corrosion represents US$276 billion for the United States, equivalent to 3.1% of its GDP (1998),
2127.8 billion RMB for China (∼US$310 billion), equivalent to 3.34% of its GDP (2015),
and US$70.3 billion for India, equal to 4.2% of its GDP (2013) [14–16]. Additionally, it has
been reported that, in 2016, about 10% of the bridges in the United States were structurally
deficient, mostly due to corrosion of reinforced concrete elements [17]. Thus, corrosion as
2

treated today represents a major economic loss and safety concern that can be avoided if
corrosion management strategies are appropriately adopted.
Extensive work has been done to develop an understanding of corrosion in OPC-based
concrete, which has resulted in methods to forecast its service life based on environmental exposure parameters. However, as the cement and the concrete industry continue to
innovate to tackle the world’s challenges towards sustainability, further research is needed
to understand the corrosion behavior of steel reinforcement in novel cementitious materials so that their structural service life can be forecast and improved. The objective of the
work presented in this thesis is to assess the corrosion-related durability of calcium silicate
cement-based reinforced concrete formulations as an environmentally-sound alternative to
OPC-based cement for potential use in civil infrastructure.
In this thesis, a brief description of the cement types, manufacturing process, and environmental impact will be presented in Chapter 2, along with a review of the fundamental
corrosion concepts. Experimental methods for initiation and propagation stage evaluation
will be described in Chapter 3, along with the associated exposure conditions, experimental
setup, and measurement performance. Results and discussion for each experiment will be
provided in Chapter 4. Conclusions of this research work will be presented in Chapter 5.

3

2. Review of Fundamentals

2.1

Manufacturing Process of Ordinary Portland Cement
Ordinary Portland cement is produced by mixing clinker, blended materials, and gyp-

sum. The clinker manufacturing process involves calcinating limestone, silica, alumina, and
iron oxide at high temperatures in a rotary kiln. The main compounds in OPC include
tricalcium aluminate, C3 A, tricalcium silicate, C3 S, dicalcium silicate C2 S, and tetracalcium
aluminoferrite, C4 AF [18].
The OPC production process also results in particulate matter (PM and PM-10), nitrogen oxides (NOx ), sulfur dioxide (SO2 ), carbon monoxide (CO), and carbon dioxide (CO2 )
emissions. The primary sources of CO2 emissions from the OPC manufacturing process are
related to the decomposition process of calcium carbonate (CaCO3 ) to produce calcium oxide
(CaO) and carbon dioxide (CO2 ). Additionally, the high temperatures needed during the
process, achieved by burning fossil fuels, are also a major contributor to the GHGs emissions
of the construction industry [10].
As OPC is the most used cement component for concrete production, an increased awareness on its environmental impact has led to study and address some methods of reducing
CO2 emissions, such as attempting to enhance energy-efficiency and to reduce emissions
coming from fossil fuels burning [11–13]. However, more ambitious action could be taken by
developing new technologies that would allow a reduction of the clinker-to-cement ratio and
the implementation of carbon capture methods.

4

2.2

Manufacturing Process and Material Properties of a Novel Cement
As a response to the growing concrete demand and the need of reducing cement’s GHGs

emissions, a novel carbonatable calcium silicate cement has been developed by Solidia Technologies [19]. Common OPC phases such as tricalcium aluminate, tetracalcium aluminoferrate, high-lime alite and belite are changed in the CSC composition to lime calcium silicate
phases as wollastonite or pseudowollastonite (CaO · SiO2 , CS) and rankinite (3CaO · 2SiO2 ,
C3 S2 ) [10]. This allows the new CSC type to reduce the lime content requirement during
the manufacturing process from 70% to 45%, resulting in lower temperatures needed and
lower CO2 emissions [10]. The CSC production process requires less kiln fuel consumption.
Additionally, CSC’s primary curing reaction allows it to consume CO2 while curing.
Regarding the concrete material properties, the reactions involved in the curing process
of CSC-based concrete formulations also differ from those of typical OPC-based concrete.
OPC-based concrete cures and develops most of its early age strength according to Equation
(1), which represents the primary curing process. In this reaction, a high-lime mineral is hydrated to form calcium silicate hydrate (CSH) gel and calcium hydroxide. A similar process,
expressed as Equation (2), contributes to the long-term strength by further production of
CSH and calcium hydroxide [19].
Ca3 SiO5 + (1.3 + x)H2 O →
− CaO · 1.7SiO2 · (H2 O)x + 1.3Ca(OH)2

(1)

Ca3 SiO4 + (0.3 + x)H2 O →
− CaO · 1.7SiO2 · (H2 O)x + 0.3Ca(OH)2

(2)

Alternatively, CSC-based formulations during curing do not consume water, limiting
its usage to facilitating curing reactions. Instead, carbon dioxide gas reacts with a low lime
mineral of CSC to form calcium carbonate and silica gel as described in Equations (3) and (4),
which produce the early age strength increase and the long-term strength, respectively [19].
H O

CaSiO3 (s) + CO2 (g) −−2→ CaCO3 (s) + SiO2 (s)

(3)

5

H O

Ca3 Si2 O7 (s) + 3CO2 (g) −−2→ 3CaCO3 (s) + 2SiO2 (s)

(4)

Therefore, the microstructural phases of OPC-based concrete comprise CH, C-S-H, and
unhydrated cement. Carbonated calcium silicate cement phases include polymerized silica gel, CaCO3 , and uncarbonated cement [20]. The resulting mortar porosity for OPCbased and CSC-based mortar formulations is 9% and 16%, respectively, for a w/c ratio of
∼0.45 [21, 22]. Pore sizes of low-calcium silicate cement concrete system after carbonation
reaction range between 2 and 500 µm [21]. The pore water pH value for the two CSCbased formulations studied in this research, CSC1 and CSC2, was estimated to be 9 and 11,
respectively, whereas the OPC-based concrete pore water pH is typically around 13.
As far as electrical resistivity properties, previous studies on CSC-based saturated concrete have shown that, overall, this new formulation has a higher resistivity than that of
OPC-based concrete. For fresh and mild water environments, CSC-based concrete was found
to exhibit an electrical resistivity of around 200 kOhms·cm and 160 kOhms·cm, respectively,
whereas the OPC-based resistivity values are around 10 kOhms·cm [23]. For 85% RH environments, CSC-based resistivity values were found to be extremely high (∼1400 kOhms·cm)
as compared to OPC-based concrete values [23].
Due to the differences in composition, pH, porosity, and resistivity, it may be expected
that differences may also arise in CSC-based concrete’s ability to protect steel reinforcement
from corrosion.

2.3

Corrosion and Electrochemical Reactions
Corrosion is a natural phenomenon that can be defined as the destructive attack of a

metal or metal alloy by a chemical or electrochemical reaction with its environment [24, 25].
Corrosion is closely related to material degradation and can generate long-term economic
losses, infrastructure safety issues, and environmental problems.

6

For corrosion to take place, four simultaneous constituents are required: electrolyte,
electronic pathway, an anode, and a cathode. If all of the four aforementioned components
are satisfied, corrosion has favorable conditions to occur.
As electrochemical processes start to occur in a given aqueous electrolyte environment,
electrons migrate from a corroding material being “oxidized” (anode) to a new location
where the species is being “reduced” (cathode). Each of these reactions individually is called
a half-cell reaction, and the entire system is called an oxidation-reduction process. For the
electrochemical corrosion of iron, the anodic half-cell reaction of iron (Fe) and the cathodic
half-cell reaction of oxygen (O2 ) in alkaline or neutral solutions are shown in Equation (5)
and (6), respectively. Equation (7) illustrates the overall oxidation-reduction system.
Fe →
− F e2+ + 2e

(5)

O2 + 2H2 O + 4e →
− 4OH −

(6)

2F e + 2H2 O + O2 →
− 2F e2+ + 4OH − →
− 2F e(OH)2

(7)

Anodic processes can be written in the general form on Equation (8).

M→
− M n+ + ne

(8)

Cathodic reaction for corrosion reactions of iron in neutral or alkaline solutions was
described in Equation (6). In an acidic environment, the oxygen cathodic half-cell reaction
is described by Equation (9).

O2 + 4H + + 4e− →
− 2H2 O

(9)

Other cathodic half-cell reactions are shown in Equations (10) and (11).
Hydrogen evolution: 2H + + 2e− →
− H2

(10)

7

Metal deposition: M + + e− →
− M

(11)

The rate of the charge transfer reactions can be converted to an equivalent mass loss or
corrosion penetration rate by using Faraday’s Law combined with specific electrochemical
reactions of known stoichiometry, as shown in Equation (12).

Q = F · ∆N · n,

(12)

where Q is the electronic charge, F stands for the Faraday’s constant, ∆N is the change
in the number of moles, and n is the number of electrons per molecule of the species being
reacted.
As a result of the charge transfer processes, a difference between the applied potential,
Eapp , and the corrosion potential, Ecorr , is formed. This phenomenon is called polarization
or overpotential, η, and it represents how much the electrode-solution interface differs from
the corrosion potential value, as shown in Equation (13) [26].

η = Eapp − Ecorr

(13)

Polarization is said to be anodic when electrons are removed from the metal surface
and its potential value becomes positive. Cathodic polarization occurs when electrons are
accumulated in the metal surface and its value becomes negative.
For a single electrochemical reaction, when the anodic and cathodic rates for the reaction
are equal, a zero current is obtained. The potential at which the current is equal to zero is
referred to as the equilibrium potential. At this point, flow of ions is inhibited and corrosion
processes stop occurring [26, 27].
However, a current equal to zero would not necessarily be associated with the equilibrium potential if two or more reactions take place. This corrosion process is explained by
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the mixed-potential theory, and it depends on the polarization behavior of the anodic and
cathodic reactions [27, 28].
In addition, a metal can be said to be passive if it resists corrosion in a given environment
with strong oxidizing solutions or at applied anodic polarization [24, 26]. Depending on the
potential, the physical state of the material, and the oxidizing power of the solution, a
metal or metal alloy can exist in the active, passive, or transpassive region. Figure 2.1
shows a generalized polarization diagram for a passivating metal or metal alloy with the
differentiated states depending on the potential and current density applied. In the active
region, the anodic electrochemical reaction is metal oxygen, and corrosion potential and
corrosion current can be defined by Tafel kinetics. In the active region, the current increases
exponentially with the applied potential. In the passive region, corrosion current decreases
as a result of increasing polarization, forming a passive film on the surface of the metal. In
the transpassive region, current increases as a result of oxygen evolution reaction or passive
film breakdown [26].
Passivity breakdown may be given by a shift from the corrosion potential value. Depending on the characteristics of the corroding system, this potential shift, or polarization process,
can be in the form of activation polarization, referring to the deviation of an electrochemical
cell from its equilibrium potential due to charge transfer, concentration overpotential, caused
by the difference in concentration between the electrode and the solution –and describing
the mass transport limitations of the corrosion process–, and ohmic drop, caused by the electrolytic resistivity of an environment in which an electrochemical cell is immersed. Under the
assumption of concentration overpotential being the only system polarization mechanism,
which is the case in a dilute solution, mass-transfer-controlled current distributions can be
considered. Mass transport mechanisms may include diffusion, migration, and convection,
and describe the flux for any species by considering their contributions [24]. Additional to
electrochemical breakdown, passivity breakdown can also take place due to the formation of
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Figure 2.1: General form of polarization diagram describing the different regions of a
polarizable metal. Adapted from [26].
cracks, which is referred to as mechanical breakdown, and due to the direct dissolution of
the film, referred to as chemical dissolution.

2.4

Corrosion of Steel in Concrete and Service Life Prediction Models
Reinforcing steel bars are embedded in concrete to provide resistance to tensile stresses.

In OPC-based concrete mixes under non-exposed conditions, steel in concrete is in a passive
state due to the highly alkaline condition of the pore structure (pH ∼13). Disruption of the
film and further depassivation of the steel can be caused by the decrease in the pH of the pore
water due to its interaction with carbon dioxide (carbonation-induced corrosion), or by the
penetration of external chloride ions through the concrete pore structure (chloride-induced
corrosion) [29].
Reinforced concrete corrosion has been proposed by Tuutti to be a two-stage process
as seen in Figure 2.2. The initiation stage duration (ti ) is governed by the transport of
penetrating substances (chloride) into the concrete cover (C) and by the threshold concentration of those substances required to start the corrosion process (CT). When the main
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Figure 2.2: Two-stage corrosion modeling in reinforced corrosion elements. Adapted
from [30].
form of corrosion-induced damage is cracking of the concrete, the propagation duration (tp )
is a function of the critical steel loss to cause cracking of concrete cover (Xcrit ), and the
corrosion rate of the steel reinforcement (CR), which is influenced by different factors such
as moisture content, temperature, chemical composition of the concrete pore solution, concrete cover thickness, among others. A serviceability limit state, often pre-defined as some
quantifiable degree of concrete cracking, bounds the end of the propagation stage. The
amount of corrosion required to cause the concrete to crack is expressed as the radius loss
of the reinforcement due to corrosion. The service life of the reinforced concrete structure is
given by the summation of the time to corrosion initiation and the duration of the corrosion
propagation period [30].
In marine environments or regions where de-icing salts are used, chlorides penetrate into
the concrete and cause the initiation of the corrosion process [31]. This modality will be
the main focus of this investigation. The mechanism for chloride transport depends on the
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degree of saturation and structure of the concrete pores. Under typical marine and highway
salt exposure conditions, chlorides are predominantly transported by diffusion in the bulk of
OPC-based concrete, with absorption prevalent only on a thin region near the surface [31].
The situation for the novel concrete formulations will be considered in this work.
The time of chloride-induced corrosion initiation based on diffusion as the primary mechanism may be calculated according to Equation (14), derived from the solution to Fick’s
second law of diffusion for a simple fixed uniform surface concentration case with no initial
native chloride.

ti =

x2
4Da (erf − 1(1 −

Ct 2
))
Cs

,

(14)

where:
t = time to initiation, s,
x = depth below exposed surface to the middle of the layer, m,
Da = apparent chloride diffusion coefficient,

m2
,
s

Ct = chloride threshold, mass %, and,
Cs = chloride concentration at the surface, mass %.
It is assumed that the diffusion of chlorides occurs in a homogeneous material such that
the diffusivity is not a function of position or time. Since this is only a rough approximation
of actual concrete conditions, the diffusivity is referred to as an apparent diffusivity. Nevertheless, this formulation provides a useful means to obtain a working estimate of the time
for chloride ingress to initiate corrosion in sound concrete.
The corrosion propagation stage represents the period from corrosion initiation to the
formation of corrosion-induced cracks in the reinforced concrete element. The stage duration
may be estimated by the ratio of the critical corrosion penetration needed to crack the
concrete and the mean corrosion rate, commonly assumed to be constant over time.
The corrosion rate of steel in concrete is controlled by exposure conditions and concrete
characteristics. In this sense, it depends on several factors that include the cement chemical
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composition, concrete microstructure, temperature and moisture content, oxygen availability,
and pH of the concrete pore solution [32]. During active corrosion, a macrocell may develop
between actively corroding (anodic) regions and adjacent passive (cathodic) regions of the
steel surface. At the same time, the anodic reaction is balanced by local cathodic activity.
The total corrosion rate that describes the steel material loss is then the sum of both the
macrocell, referring to corrosion at an active bar coupled to another passive bar or another
surface on the same bar that is passive as seen in Figure 2.3a, and microcell corrosion current,
referring to adjacent corroding parts of the same metal as seen in Figure 2.3b.

(a) Macrocell corrosion

(b) Microcell corrosion

Figure 2.3: Macro and microcell corrosion representation.
Various corrosion forms can be identified by visual, microscope or profilometer examination. Among the most common forms of corrosion are uniform corrosion and pitting attack.
Uniform corrosion refers to the uniform thinning, loss of material, without any localized
attack, resulting in a uniform thickness reduction over a large fraction of the metal. Pitting
corrosion refers to a localized attack that results in holes or cavities. Pitting corrosion attack can cause failure of a metal element with minimal weight loss. Both types of corrosion
attacks are controlled by the environment, temperature, metal or metal alloy composition,
chloride concentration, solution acidity, oxidizer concentration, physical characteristics, potential, among other factors [26]. Figure 2.4 a and b show a graphical description of a metal
or metal alloy under uniform or pitting corrosion attacks, respectively.
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Figure 2.4: Graphical description of (a) uniform, and (b) pitting corrosion.

Figure 2.5: Graphical representation of average cross-sectional steel loss to cause cracking
of the concrete.
The critical corrosion penetration to crack the concrete cover represents the tolerance
to the accumulation of expansive steel corrosion products of a concrete element. As the
reinforcement bar corrodes, corrosion products penetrate into the concrete pore structure.
Due to the expansive nature of corrosion products (4-7 times the consumed volume of steel
[33,34]), once the transport of the corrosion products into the pores of the concrete becomes
blocked, further corrosion imposes stress on the concrete matrix, which eventually leads
to cracking. Xcrit values are highly influenced by variations in cover thickness, concrete
mechanical properties such as compressive and tensile strength [35], and the concrete pore
size distribution, the solubility of corrosion products, and connectivity [36, 37]. The average
cross-sectional steel loss to cause cracking of the concrete is represented in Figure 2.5.
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Some empirical models have been proposed to estimate Xcrit for carbon steel reinforced
OPC-based concrete, one of which is expressed in Equation (21) for concrete in typical
unsaturated (85% relative humidity) conditions [38].
x
x
Xcrit ∼ 0.011mm (1 + )n ,
ϕ
L

(15)

where:
Xcrit = critical penetration needed to cause cracking of the concrete, mm,
x = concrete cover thickness, cm,
ϕ = rebar diameter, cm,
L = length of the corroding region of steel, cm, and,
n = exponent between ∼ 1.4 - 2 [38, 39].

2.5

Corrosion Characterization, Quantification and Monitoring Techniques
Assessing corrosion performance may be done by using different techniques, depending on

the system and the parameters analyzed. Some methods may include a visual examination,
which could be based on naked-eye or magnified inspections, collection of voltage or current
values, and electrochemical methods. This section presents a brief description of the main
corrosion assessment techniques used by this work.

2.5.1 Half-cell Potential Measurements
Half-cell potential is one of the most common techniques used to gather data on the
thermodynamic state of a measured system, playing an important role as an indicator of the
corrosion risk of a given corroding surface. Anodic and cathodic reactions occur simultaneously in the corrosion process, in which electrons are being released at the anode and then
consumed by the cathodic reaction. Both reactions develop sites of differing electrochemical
potential at which current flows within the anodic and cathodic regions [26]. Several inves-
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tigations suggest that measuring this potential may provide an indication of the likelihood
of corrosion of steel in concrete [40].
The half-cell potential technique was first developed in the late 1950s by Stratful [41], and
adopted as an ASTM method in 1977 (ASTM C876). This technique consists in measuring
the potential at a corroding surface (i.e., reinforcing steel bar), with reference to a standard reference electrode, which has a known, fixed potential value. Broadly used standard
reference electrodes include the saturated calomel reference electrode (SCE), the saturated
copper-copper sulfate reference electrode, and the silver-silver chloride reference electrode.
Generally, more negative half-cell potential values are associated with higher probabilities
of corrosion. However, corrosion potential values cannot be used as a measurement of the
corrosion rate per se [27, 29].
There are several influencing factors that affect potential readings. These factors include
moisture content, clear concrete cover and oxygen availability [40]. Increases in the moisture
content may lead to more negative potential readings due to the increased conductivity of
the concrete. Nevertheless, the actual corroding potential at the steel surface remains the
same. Similarly, larger concrete covers may lead to less negative potentials measured at the
concrete surface.

2.5.2 Electrochemical Impedance Spectroscopy
A corroding system can also be investigated by Electrochemical Impedance Spectroscopy
(EIS), a technique that allows detecting of subtle changes in corrosion parameters such as
electrochemical reactions and diffusion processes that could not be captured by other means.
The basis of this method is to apply a sinusoidal perturbation of small amplitude, usually
between 5 to 20 mV, to an electrode inserted into an electrolyte. For concrete testing, the
reinforcing bar acts as the electrode and the concrete pore solution as the electrolyte.
The impedance, represented by Z, is measured over a wide range of frequencies. At each
frequency, ω, a sinusoidal perturbation potential is applied between the working and counter
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Figure 2.6: Nyquist plot for a resistor and a capacitor in parallel circuit.
electrodes, which would result in a sinusoidal current waveform with a phase difference (Φ)
from the applied signal. A complex vector for electrochemical impedance would be defined
at each frequency as the relationship between the voltage signal, E(ω), and the current
response, I(ω), as seen in Equation (16) [24].

Z(ω) =

E(ω)
I(ω)

(16)

This group of complex points measured at different frequencies is usually plotted in a
Nyquist or Bode diagram. The Nyquist plot is formed when the real part of the impedance is
plotted on the x-axis, and its imaginary part is plotted on the y-axis of the chart. Figure 2.6
shows a Nyquist plot for a simplified electrochemical system based on the equivalent circuit
presented in Figure 2.7.
For this circuit, the ohmic and polarization resistances, RΩ and Rp , can be directly
determined from the Nyquist plot. However, the electrode capacitance can only be found by
using Equation (17). Nyquist plot limitations include low impedance semicircles being hard
to distinguish when a circuit has high and low impedance components [29].
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Figure 2.7: Equivalent circuit for a simplified electrochemical system with a resistor and a
capacitor in parallel.

C=

1
ω max × Rp

(17)

2.5.3 Wide-Area 3D Profilometry by Triangular Phase Codification
Structured light scanning is part of a set of 3D data acquisition methods that can digitally
capture and reconstruct three-dimensional objects by projecting a light pattern and imaging
the scene from one or more angles. Structured light is considered to be one of the most reliable
methods for reconstructing the surface of objects [42]. Structured pattern encoding refers
to the projected patterns that allow object images to be recovered when the relationship
between two devices is known. Triangular phase codification is one of the many methods
used for encoding a given scene. It uses triangular light patterns and intensity ratio-to-height
conversion algorithms are used to reconstruct the 3D surface geometry of the objects [43].
Limitations of this method include that it is highly sensitive to image noise.
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3. Methodology

Corrosion performance of reinforced concrete depends on different design and environmental factors that include the presence of chlorides, the humidity, the type of steel reinforcement used, the tensile and compressive strength of the material, among others. To
explore the corrosion behavior of new reinforced concrete formulations, various experiments
were performed. This section describes the methods used in this research for data collection
and analysis.
3.1

Concrete Material Properties
Corrosion performance of two CSC-based concrete formulations was compared to that of

a generic OPC-based concrete mixture of modes water/diner content without admixtures of
any kind. The aggregate to binder ratio and the fine aggregate were held constant for all
concrete mixes. Table 3.1 and 3.2 detail the mixture proportions of the OPC-based concrete
and the two CSC-based mix designs (CSC1 and CSC2). Table 3.3 presents the compressive
strength comparison between the three individual concrete designs.

3.2

G109 Corrosion Macrocell Tests
To determine the effects of different concrete formulations on the corrosion performance

of steel reinforcement bars under marine and fresh water environments, specimens were configured and constructed by a prior research team per ASTM G109 [44]. A total of 72 specimens were setup under different combinations of exposure environment, steel rebar type and
concrete type. Exposure environments included a chloride-free and a chloride-contaminated
ponding solution. Four reinforcement types were considered, including carbon, stainless, galvanized and epoxy-coated steel rebars. Concrete formulations included the aforementioned
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Table 3.1: Solid component of the concrete mixture proportions for CSC1, CSC2 and
OPC-based concrete.
Properties
CSC1
Binder (wt%)
17.31
Construction sand (wt%)
38.1
1/4” Granite aggregate (wt%) 24.3
3/8” Granite aggregate (wt%) 20.3
Water to binder ratio (wt/wt) 0.33

CSC2
17.32
38.1
24.3
20.3
0.33

OPC
17.33
38.1
24.3
20.3
0.4

1

CSC1: Low calcium silicate based carbonated concrete (*Cement only —no additional admixtures)
2
CSC2: Low calcium silicate based carbonated concrete with partial (26 wt%) replacement of CSC with proprietary admixture
3
OPC: Ordinary Portland Cement hydrated concrete (*Cement
only —no additional admixtures)

Table 3.2: Liquid component of the concrete mixture proportions for CSC1, CSC2 and
OPC-based concrete.
Properties
Water reducer (ml/kg binder)
Air entraining agent (ml/kg binder)
Set retarder (ml/kg binder)
Proprietary admixture (ml/kg binder)

CSC1
7
5
7
0

CSC2
7
1.5
5
20

OPC
7
3
0
0

CSC1, CSC2, and OPC-based concrete mixes. Three replicates per combination were done
to ensure statistical validity. Specimen setup was done following the ASTM standard, as
seen in Figure 3.1, with cross-sectional dimensions of 6 in x 4.5 in, and an 11-in length.
They also include three 0.5-in reinforcement bars with a 1-in concrete cover, with the top
bar acting as the anode and the bottom bars acting as cathodes. The steel bars were heat
shrink-taped at the edges to protect cut ends from unwanted atmospheric corrosion, and
the rest of the rebar was left bare exposed to the concrete matrix. A circuit between the
bottom two bars and the top bar was created by electrically connecting them with a 100-ohm
resistor to allow the measurement of the galvanic current due to corrosion. Additionally, a
plastic dam was installed on top of the concrete specimen to allow water ponding, and all
other concrete surfaces were sealed with epoxy to create a controlled chloride-diffusion path
from top to bottom. The volume of the ponding solution was approximately 400 mL of DI
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Table 3.3: Compressive strength for all concrete types
Properties
Average compressive strength (psi)

CSC1
8633

CSC2
8376

OPC
8500

Figure 3.1: Macrocell tests specimen configuration.
water for the chloride-free exposure, and 400 mL of 3 wt% sodium chloride (NaCl) for the
chloride-contaminated condition.
A cyclic two-week exposure regime was performed to create wet and dry sequences (14
days of ponding followed by 14 days of drying), capturing the exposure severity of elements
that may be subjected to aggressive saltwater marine or deicing salt regimes. Corrosion
performance was periodically measured with an electronic multimeter on the seventh day
of each cycle. Figure 3.2a and 3.2b show the measurement setup of half-cell potential and
macrocell current measurements, respectively, as explained below.

3.2.1 Half-cell Potential and Macrocell Current Measurements
The half-cell potential was measured as an indication of the potential difference between
the upper rebar and a saturated calomel reference electrode placed vertically on the dam
top concrete surface. Hence, the transition between the initiation and the active corrosion
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(a) Potential evolution

(b) Potential across resistor

Figure 3.2: Measurement setup of (a) half-cell potential, and (b) macrocell current
measurements.
stage could be monitored by comparing half-cell potential trends with a corrosion threshold.
This corrosion threshold is different for each type of steel and was obtained from different
literature sources, as seen in Table 3.4.
As far as the macrocell current, the potential across the 100-ohms resistor between the
anode and the cathode was measured, and current was monitored as a function of time.
Following Ohm’s law, the macrocell current (Icorr ) was determined by dividing the measured
potential by the resistance value of 100 ohms. Accumulated macrocell current was obtained
by trapezoid rule integration over time. The total mass loss was calculated by using Equation
(18), which was derived based on Faraday’s Law (see Section 2.3) assuming Fe+2 oxidation.
Hence, valence of the metal is assumed to be n = 2, and the Faraday constant was used as
F = 96500

C
.
mol

W =

Icorr tM
,
AnF

(18)

where:
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Table 3.4: Corrosion threshold values for different steel types.
Steel type
Galvanized steel

Potential threshold
value (mV vs. SCE)
-923

Carbon steel

>-123

There is a 90% probability that
no reinforcing steel corrosion
is occurring in that area at that
time of measurement

Between -123 and
-273

Corrosion activity of the
reinforcing steel in that area
is uncertain

<-273

There is a 90% probability that
reinforcing steel corrosion is
occurring in that area at that
time of measurement

Stainless steel
Epoxy-coated
steel

Corrosion stage

Reference

Active corrosion stage

Poursaee
& Hansson [45]
ASTM
C876-15 [46]

*No data available
<500**

There is an aggravated tendency for
coating disbondment

Sagüés et al. [47]

*

Current research does not provide an accurate estimation of the probability of corrosion associated with half-cell
potential for stainless steel. However, it is believed that stainless steel corrosion morphology and cathodic kinetics
will differ from that of black steel, for which ASTM C876 might not be applicable.
**
These values were compiled as reference values for the data obtained. They do not directly reflect the corrosion
state of the epoxy-coated samples but they give an indication of the coating disbondment effect, which can be related
to the occurrence of the electrochemical reactions at the metal surface but cannot be considered the sole cause for
corrosion.
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W = mass loss, g,
Icorr = macrocell corrosion current,

A
,
cm2

t = time, s,
M = molar mass,

g
,
mol

n = valence of the metal, and,
F = Faraday constant,

C
.
mol

Further macrocell corrosion rate (CRmac ) was calculated as shown in Equation (19).

CRmac =

W × 104
,
ρ

(19)

where:
CRmac = macrocell corrosion rate,

µm
,
year

W = mass loss, g, and,
ρ = density of the metal,

g
.
cm3

3.2.2 Electrochemical Impedance Spectroscopy
Microcell corrosion rates (CRmic ) were also estimated at selected exposure ages by Electrochemical Impedance Spectroscopy. The macrocell connection (resistor, R, in Figure 3.2b)
was disconnected and the potential was allowed to stabilize prior to measuring EIS. A 3electrode arrangement was selected to perform the impedance measurements, using the top
rebar as the working electrode (WE), an activated titanium mesh immersed in the ponding dam as the counter electrode (CE), and a saturated calomel electrode as the reference
electrode (RE).
EIS measurements were performed using a Gamry 600 potentiostat (Pennsylvania, United
States). EIS testing was performed on all G109 specimens by applying a r.m.s. voltage of
10 mV with an initial frequency of 100 kHz and a final frequency of 1 mHz at 10 points per
decade.
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Analysis of the EIS data was done by using the EIS: Measurement Model Program
developed by Watson & Orazem [48]. This software uses a series of Voight elements to fit
the acquired data and an extrapolation is made to the limits of the impedance. It allows to
estimate the capacitance, C, the ohmic resistance, RΩ , and the polarization resistance, Rp ,
of a given dataset. Afterward, the Stern-Geary equation, seen in Equation (20), was used to
calculate the values for corrosion current density and further corrosion rate at each sample.
A Stern-Geary constant, β, for iron, Fe, was assumed to be equal to 26 mV.

icorr =

β
Rp

(20)

3.2.3 Autopsy and Total Chlorides Determination
Specimens were periodically inspected for cover cracks. The end of testing for each
specimen was defined as the moment when corrosion-induced cracks were visually identified
on the concrete surface. At that point, EIS was performed and subsequent autopsy of the
samples was done with a compression press to extract the reinforcement bar for further
examination to evaluate the extent of corrosion. Bars were lightly glass-bead blasted to
remove any remaining corrosion products from the steel surface without significant metal
loss. A 3D wide-area profilometry tool was used to inspect the corroded bars, as well as to
retain a photographic record of the cracked specimens’ rebar samples. Detailed steps about
the wide-area analysis can be found in Section 3.3.3.
Furthermore, cracked specimens were subjected to chloride analysis to determine the
acid-soluble chloride content near the exposure surface, at the steel anode depth and at the
steel cathode depth. Powder samples of 4 grams were obtained at each location by milling
and grinding. The powder samples were then oven-dried, and acid-soluble chlorides were
extracted. Chloride content was determined by titrating the samples in reference to 0.1M
Silver Nitrate solution.
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3.3

Critical Corrosion Penetration Test
The critical corrosion penetration test was designed to determine a comparative tendency

of CSC-based concrete formulations and OPC-based concrete mixtures for the transport
of corrosion products away from the steel-concrete interface. The experiment aimed to
estimate the amount of steel loss due to corrosion needed to cause cracking of the concrete
(Xcrit ). This test would give an indication of the concrete’s ability to accommodate corrosion
products within its matrix, which depends on factors such as the concrete’s volume and
interconnectivity of the pore network and its tensile strength.
The critical corrosion penetration experiment’s concept presented in this thesis is to
accelerate testing to obtain data about the corrosion propagation stage of different concrete
formulations. Various experiment setups were designed to evaluate the influence of different
parameters such as current density and concrete matrix arrangement on the resulting time
to cracking, preferential corrosion cracking, and the overall corrosion product dissipation
behavior.

3.3.1 Corrosion Product Penetration
In this part of the investigation, a total of six plain carbon steel bars and six flat concrete
disks samples were partially immersed into a saturated NaCl solution while providing a 100
µA/cm2 current density to accelerate corrosion processes. The experimental setup can be
seen in Figures 3.3 and 3.4, showing a ½ concrete disk with a 4-inch diameter steel cylinder on
top. Two samples per concrete formulation, including CSC1, CSC2 and OPC-based concrete,
were prepared and analyzed. The lateral (cylindrical) surfaces of each concrete specimen
were covered with epoxy paint, leaving both top and bottom flat surfaces uncovered. To
create a suitable chloride-contaminated concrete region next to the steel surface, all concrete
disks were partially submerged in saturated NaCl solution for 14 days prior to power supply.
Furthermore, #8 plain carbon steel rebars were cut in ∼1-inch length specimen with one end
allowing for a copper cable to connect to resistor attached to the power source. The resistor
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Figure 3.3: Preliminary critical corrosion penetration test experiment design.
and potential values were large enough to result in approximately galvanostatic conditions.
All surfaces of the steel sample were covered with epoxy paint, except the ground end. The
steel and concrete samples were placed in a test chamber arrangement with an underlying
titanium mesh connecting to one end of the power source terminal, as shown in Figure 3.5.
A plastic 3D-printed holder was also used to ensure direct contact of the steel cylinder with
the flat concrete disk.
Potential across the resistor was monitored weekly to ensure that an approximately constant current density supply of 100 µA/cm2 was maintained. After 28 days of exposure to
accelerated corrosion conditions, the current was interrupted and the steel bars in each of
the specimens were separated from the concrete disks. The concrete samples were surfacedried and dry-sectioned with a diamond cutting disc saw perpendicularly to the interface,
resulting in quarter sections as seen in Figure 3.6. Sections were further analyzed with a
3D-profilometry tool that allowed to gain information of the corrosion products dissipation
behavior through the cross-sectional area of each quarter. The corrosion products penetration depth was measured at each end of the cross-sectional area for each type of concrete
formulation.
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Figure 3.4: Experimental setup for batch 0 samples. Here, (a) is an isometric view of the
sample, (b) is a top view showing the disk-steel alignment, and (c) is the front view
identifying the concrete disk, the carbon steel cylinder and the 3D-printed holder piece.
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Figure 3.5: Critical corrosion penetration test first setup. Part (a) shows the power supply
circuit arrangement, and part (b) shows a photographic record of the concrete-steel
samples under testing.

Figure 3.6: Sample sectioning process preliminary to image profilometry.
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Figure 3.7: Accelerated corrosion process by current-induced method.

3.3.2 Critical Reinforcement Steel Loss (Xcrit )
The critical corrosion penetration test was performed to determine the amount of steel
loss due to corrosion needed to cause cracking of the concrete on a similar-to-field beams
setup. CSC1, CSC2 and OPC-based concrete beams (28 cm x 3.8 cm x 3.8 cm) reinforced
with #5 glass bead blasted regular production carbon steel rebars (concrete cover 1 cm)
were analyzed in batches 1 and 2. Corrosion was induced by a DC power source connected
at one end to the steel and on the other to a titanium mesh immersed in the exposure bath,
as seen in Figure 3.7. The resistor and potential values were large enough to ensure quasi
galvanic operation. Batch 1 and 2 differ from each other in the current density provided to
the samples and the total time of exposure, as explained below.
• Batch 1: This part of the test involved six concrete beams reinforced with #5 corrugated carbon steel bars to be subjected to a 100 µA/cm2 current density, as seen
in Figure 3.8. Two specimens per concrete type, including CSC1, CSC2, and OPCbased formulations, were analyzed. Specimens were preconditioned on a high humidity
chamber for 45 days followed by one week soaking in water and one week drying at
room temperature. Additionally, prior to current application, specimens were partially
immersed in a saturated NaCl solution for two weeks to ensure similar pore saturation between samples. The experiment was stopped after 11 days of immersion due to
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Figure 3.8: Photographic record of on-laboratory batch 1 samples arrangement.
evidence of longitudinal cracks. Afterward, 3D-profilometry techniques were used to
determine the steel surface conditions and corrosion products dissipation extent.
• Batch 2: A total of 36 prismatic specimens were analyzed, 12 per concrete type. To
ensure statistical validity, three specimens per type of concrete were exposed to high,
moderate, low and very low corrosion current densities, corresponding to 50, 25, 10
and 5 µA/cm2 . Each concrete formulation was set up on a different solution tray, as
seen in Figure 3.9, to avoid cross contamination due to leaching of the concrete. CSC1
and CSC2-based concrete beams were cast and cured in a carbonation chamber for
85 hours, while OPC-based concrete was cured in a saturated lime water solution for
28 days. Additionally, prior current application, specimens were partially immersed
in a saturated NaCl solution for two weeks to ensure similar pore saturation between
samples. At the designated level of current, monitored by the potential difference
across the resistor was supplied to each specimen until concrete cracks were observed.
Each specimen was visually inspected at least four times per week to observe cracks. To
ensure comparable results, specimens were removed for autopsy when the crack width
was found to reach ∼100 µm, as verified with a visual crack width gauge. After cracking
of the concrete cover was identified, power flow was stopped and prismatic specimens
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Figure 3.9: Photographic record of on-laboratory batch 2 samples arrangement. Tray (a)
corresponds to OPC-based concrete samples, (b) to CSC1-based concrete specimens, and
(c) to CSC2-based concrete samples.
were removed from immersion solution. Record of crack location and average crack
size was taken. The reinforcement bar was autopsied out of the concrete specimen by
using a compression press. The bar was lightly glass-bead blasted to remove the friable
corrosion products without significant metal loss. Further 3D profilometry was then
used to obtain surface topography data of the corroded steel surface.

3.3.3 Wide-Area 3D Profilometry Measurement Techniques
Wide-Area 3D profilometry by triangular phase codification was used to estimate the
total steel volume loss due to corrosion. The equipment used in this research was the VR
series 3D profilometer VR-5000 produced by Keyence (Osaka, Japan). It uses structured light
encoding with triangulation methods to reconstruct the height of the measured surfaces. The
measuring range was 206 mm x 104 mm, the measuring accuracy was ±5 µm, and the image
receiving element was a 4 megapixel monochrome complementary metal-oxide-semiconductor
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Figure 3.10: Concave volume measurement with wide-area 3D profilometer.
(CMOS) with double-telecentric transmitter and receiver lenses. A post-processing analysis
software was also used for corrosion quantification.
The method used for the calculation of volume loss and further critical penetration on
beam specimens is described as follows. The steel surface was scanned in three different
images for resolution purposes, and the volume loss was analyzed in all of them. The volume
calculation procedure was done by setting a reference plane at the highest point of the
picture, between the three most corroded ribs, as seen in Figure 3.10. Afterward, a concave
volume calculation was performed. The higher the volume, the more corroded the sample
is, assuming all the reference planes between each image is the same. The average critical
corrosion penetration is calculated by subtracting the concave volume of the corroded sample
from the concave volume of the assumed non-corroded reference plane. For each concrete
type, at each current density, an average Xcrit among the three corresponding samples is
calculated. The volume loss was divided by the surface area of the steel to estimate the
surface-averaged corrosion penetration, Xcrit , as shown in Equation (21).

Xcrit =

Vconcave − Vconcaveref
,
Atotal

(21)

where:
Xcrit = critical penetration needed to cause cracking of the concrete, mm,
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Vconcave = concave volume measured for individual sample, mm3 ,
Vconcaveref = concave reference volume, mm3 ,
Atotal = total area measured as volume measurement was performed.
This calculation procedure was developed assuming non-uniform corrosion, for which
rebars are assumed to have at least one non-corroded point at their peaks. Due to this, if all
reinforcement bars are the same type, the reference plane will be assumed to always be at
a non-corroded point for all samples, allowing further comparison between specimens. The
pre-exposed surface topography was not available for comparison, for which the rebar with
the least volume was assumed as the non-corroded one. This would result in measurements
relative to each other, making the Xcrit for the assumed non-corroded sample zero.
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4. Results and Discussion

The results of macrocell corrosion and critical corrosion penetration tests are presented
in this section to assess tentative corrosion-based service life scenarios for different types of
reinforced concrete.
4.1

G109 Corrosion Macrocell Tests
The half-cell potential, macrocell and microcell corrosion were investigated with this

experiment. Results that may give indications of initiation and propagation stage duration
are shown as follows.

4.1.1 Half-cell Potential
For the half-cell potential measurements, it is recalled they were designed to monitor
the potential difference between the upper rebar and a saturated calomel reference electrode
(SCE) over time, as seen in Figure 4.1, 4.2, 4.3 and 4.4. A comparison is presented between
CSC1, CSC2 and OPC-based concrete formulations for each type of steel reinforcement,
including carbon, galvanized, epoxy-coated and stainless steel, under aggressive and nonaggressive water environmental conditions. The half-cell potential data points presented in
each graph represent the mean between three samples per condition with their corresponding
maximum and minimum values displayed as error bars. It is worth noticing that some
specimens have different exposure times. OPC and CSC1-based concrete specimens under
fresh water condition reached day 1410 of exposure. Under the same condition, CSC2 reached
day 1283 of exposure. For aggressive water conditions, OPC and CSC1-based concrete
specimens were analyzed at 1404 days of exposure, while CSC2 specimens reached day 1269
of exposure.
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Corrosion threshold values for each type of steel reinforcement were included as previously
specified in Table 3.4. The observed periodic fluctuations in potential reflect the wet and dry
cycles, where the more negative peaks correspond to wet conditions and the more positive
peaks correspond to dry cycles. A large drop in potential that would result in potential
values being more negative than their corresponding corrosion threshold would suggest the
transition to an active corrosion regime.
Figure 4.1a and 4.1b present the potential vs. SCE over time results for the OPC, CSC1
and CSC2-based concrete formulations reinforced with carbon steel bars for non-aggressive
and aggressive exposure environments, respectively. Recalling Table 3.4, the upper limit of
the corrosion threshold represents the value (>-123 mV vs. SCE) at which there is a 90%
probability that no reinforcing steel corrosion is occurring. The lower limit of the corrosion
threshold represents the value (<-273 vs. SCE) at which there is a 90% probability that
reinforcing steel corrosion is occurring in that area at that time of measurement. Values
between these thresholds are considered to be on an area of corrosion uncertainty.
It may be observed that, for both chloride-free and chloride-contaminated environments,
OPC-based concrete potential values remained steady over time and above the suggested
ASTM C876 -123 mV vs. SCE threshold, indicative of passive steel. This was not the
case of CSC1 and CSC2-based formulations. Immediately upon initiation of the ponding
regime, the CSC1-based concrete specimens showed potentials similar to those expected for
the OPC-based concrete. Nevertheless, after a few days of exposure, the half-cell potential
trends for CSC1-based concrete experienced a large drop in potential toward ∼-550 mV vs.
SCE. This drop is strongly suggestive of a transition to an active corrosion regime since it
is below the ASTM C876 threshold, as aforementioned. On the other hand, potentials for
CSC2-based concrete specimens started at ∼-300 mV vs. SCE, exhibiting more negative
potentials than OPC-based samples, but no initial drop in potential was seen. Additionally,
potential values remained between the suggested area of corrosion uncertainty, for which
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corrosion initiation cannot be assumed. This could be due to the difference in pore solution
pH, with CSC-based formulations having a lower pH than that of OPC-based concrete.
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Figure 4.1: Half-cell potential measurements for OPC, CSC1 and CSC2 under fresh and
aggressive water conditions for carbon steel rebar.
Figure 4.2a and 4.2b present the potential vs. SCE over time results for the OPC,
CSC1 and CSC2-based concrete formulations reinforced with galvanized steel bars for nonaggressive and aggressive exposure environments, respectively. For chloride-free conditions,
CSC1-based concrete trend showed a large drop in potential toward ∼-850 mV vs. SCE. This
drop might be reflect an initial active corrosion tendency of the steel. However, this trend
became more positive over time and remained above the corrosion threshold for galvanized
steel. OPC and CSC2-based concrete formulations did not show an initial drop in potential
and values remained above the specified corrosion threshold, which suggests passivity of the
steel. It is unclear whether macrocell corrosion has been initiated in CSC1-based specimens
and further monitoring is required. Regarding chloride-contaminated conditions, it is likely
that active corrosion started taking place in CSC1-based specimens, while OPC and CSC2based samples remained passive.
Figure 4.3a and 4.3b present the potential vs. SCE over time results for the OPC, CSC1
and CSC2-based concrete formulations reinforced with epoxy-coated steel bars for fresh and
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Figure 4.2: Half-cell potential measurements for OPC, CSC1 and CSC2 under fresh and
aggressive water conditions for galvanized steel rebar.
aggressive water exposure environments, respectively. In fresh water conditions, OPC, CSC1
and CSC2-based concrete samples exhibited similar potential values above the epoxy-coated
steel corrosion threshold, suggesting passivity of the reinforcing bars. In aggressive water
conditions, although CSC2-based concrete shows an initial drop in potential, OPC and CSC2based concrete values remain similar and steady over time. CSC1-based samples, however,
showed a tendency to become more negative over time, exhibiting half-cell potential values
at the limit -500 mV vs. SCE corrosion threshold. Due to this, it is unclear if corrosion has
initiated for CSC1-based samples.
Figure 4.4a and 4.4b present the potential vs. SCE over time results for the OPC,
CSC1 and CSC2-based concrete formulations reinforced with stainless steel bars for fresh
and aggressive water exposure environments, respectively. Although current research does
not provide an accurate estimation of the probability of corrosion associated with half-cell
potential for stainless steel, it is believed that stainless steel exhibits similar passive potentials
to carbon steel [40]. For all concrete types, in both exposure conditions, potential values
have remained relatively high throughout the entire exposure duration, indicating passive
steel conditions.
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Figure 4.3: Half-cell potential measurements for OPC, CSC1 and CSC2 under fresh and
aggressive water conditions for epoxy-coated steel rebar.
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Figure 4.4: Half-cell potential measurements for OPC, CSC1 and CSC2 under fresh and
aggressive water conditions for stainless steel rebar.
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Based on the half-cell potential results, shown in Figure 4.1, carbon steel specimens’
half-cell potential values lie within the high probability corrosion region for a period long
enough to show evident changes in the corrosion propagation stage parameters. Hence, the
remainder of the results will be focused only on carbon steel reinforcement specimens.

4.1.2 Macrocell Corrosion Rate
Macrocell corrosion rate estimates were obtained for OPC, CSC1 and CSC2-based concrete specimens reinforced with carbon steel bars. Figures 4.5 and 4.6 show the integrated
macrocell current over ∼3.5 years for carbon steel rebar under wet-dry cyclic conditions for
fresh and aggressive water environments, respectively. With the instrument polarity chosen,
negative current values indicated an anodic upper bar. The integrated macrocell current
provides a value indicative of accrued corrosion damage. Since the measured current does
not reflect local corrosion effects on the anode bar, the calculated values must be interpreted
as a lower bound of the accumulated macrocell corrosion current. The error bars represent
the data spread over the three samples tested in each category, showing an extent of variability typical of measurements of this type. Under aggressive water conditions, the final
average charge integration values for OPC, CSC1 and CSC2 were -28 C, -1544 C, and -390
C, respectively.
Macrocell-based corrosion rates were estimated by the time-averaged derivative of the
smoothed charge integration curved followed by Faradaic conversion, as previously explained
in Section 3.2. It is noted for context that active corrosion rate values for normal OPC-based
concrete typically vary between 1 µm/year and 1000 µm/year depending on service aggressiveness, with the passive steel condition usually associated with corrosion rates distinctly
< 1 µm/year. Under aggressive water conditions, the OPC macrocell-based concrete’s mean
corrosion rates were ∼0.04 µm/year, nominally negligible and in agreement with the potential results suggesting passivity of the steel during the totality of the experiment. The
∼ 3-year-averaged corrosion rate estimates for both CSC-based concretes under chloride40

C h a r g e in te g r a tio n / C

0
-4 0 0
-8 0 0
-1 2 0 0
-1 6 0 0
O P C
C S C 1
C S C 2

-2 0 0 0
0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0 1 2 0 0 1 4 0 0

T im e / d a y s
Figure 4.5: Integrated macrocell charge (and data spread) as a function of time for OPC
concrete and the CSC1 and CSC2 concrete formulations under fresh wet-dry cyclic
conditions.
contaminated conditions are shown in Figure 4.7. Mean corrosion rates for CSC1 and CSC2
were 2.7 µm/year and 0.8 µm/year, respectively, with lower bounds of 1.2 µm/year and 0.3
µm/year. The CSC1 results are in agreement with the potential data indicating early onset
and sustained active corrosion for this system. The indication for CSC2 by this method is,
as it was the case for the potential behavior, again uncertain given the borderline activepassive value. As more negative potentials are reached for the remaining steel samples,
further macrocell corrosion charge accumulation analysis is suggested.

4.1.3 Microcell Corrosion Rate
Nominal microcell-based corrosion rate estimates were obtained from EIS measurements
of three replicates each under aggressive water conditions for OPC, CSC1 and CSC2, labeled
as a, b and c for each, as shown in Figure 4.8. The measurements were made after a 1-hour
period of potential stabilization under dry conditions. Estimates after stabilization may not
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Figure 4.6: Integrated macrocell charge (and data spread) as a function of time for OPC
concrete and the CSC1 and CSC2 concrete formulations under aggressive wet-dry cyclic
conditions.
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directly reflect the microcell corrosion rate while connected but provide an indication of the
relative corrosivity of the concrete at the time of the measurement. Because of complicated
system geometry and high effective values of solution resistance, interpretation of the EIS
data for the CSC specimens was subject to considerable uncertainty. Nominal polarization
resistance estimates were obtained using a measurement model in which a series of Voight
elements [48] are regressed to the impedance data, and further estimation of the corrosion
current density was made as explained in Section 3.2.2.
It must be noted that the corresponding nominal values of corrosion rate should be viewed
only as relative indicators, representing instantaneous values at the time of measurement and
are not time-averaged as the results gleaned from macrocell data. Additionally, the rates
reported are not necessarily representative of the microcell corrosion rates while the macrocell
wire is connected. Nevertheless, the nominal values obtained provide a relative indication
of the local cell action in each type of concrete at the time of measurement. The error bars
are indicative of the confidence intervals of the regressed fit, but it is emphasized that those
intervals only address repeatability of the results and not systematic error.
With those qualifications in mind, the results indicate relative corrosion rates of OPC,
CSC1 and CSC2 that agree in ranking with those estimated from the macrocell data. The
absolute values for OPC concrete were borderline consistent with passive behavior, which
was in general agreement with the indications of the other diagnostic metrics used. The
absolute values for both CSC concretes were larger than the values from the macrocell
analysis. That observation gave indications of significant local cell action in the anode
bars. However, the precise extent to which that was the case is in doubt because of all
the sources of uncertainty indicated above, which might have significantly exaggerated the
relative increase of the microcell over the macrocell results. Pending future experiments, the
microcell corrosion estimates should be regarded as semi-quantitative, generally confirming
the passive and active character of the corrosion in OPC and CSC1, respectively, while still
uncertain for CSC2.
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Figure 4.8: Nominal microcell corrosion rate estimates for CSC1 and CSC2 formulations
under aggressive water conditions. These values should be considered only as relative
indicators.

4.1.4 Acid-soluble Chloride Profile Determination
Chloride penetration in the three concretes examined was considered by measurements
or estimates, to obtain information for forecasting ti . Chloride penetration data were not
available for the OPC specimens at the time of measurement. However, based on the mixture
proportions in Table 3.1 and Table 3.2 and prior correlations, this OPC-based concrete was
expected to be of medium permeability and exhibit an apparent chloride diffusion coefficient
in the order of 1 to 2 x 10-12 m2 /s [49, 50]. Those values were also consistent with the
absence of active corrosion initiation indications for the plain steel rebar, given the exposure
conditions, system dimensions and usual corrosion threshold values for OPC concrete.
Two similarly made and exposed specimens, CSC2-d and CSC2-e, were part of a larger
set testing galvanized steel. The specimens had experienced longitudinal cracks after 720
days of exposure and were autopsied at that time. Chloride content was determined at
three different depths: near the pond surface and at the anode and cathode depths, as
shown in the schematic in Figure 4.9. Some chlorides had reached the cathode depth. The
amount (∼0.6-0.7 kg/m3 ) did not clearly exceed typical threshold concentration values for
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Figure 4.9: Chloride content as a function of depth for two galvanized steel-reinforced
CSC2-based concrete specimens.
plain steel reinforcement (∼1.2 kg/m) in OPC concrete. However, the pH ∼11 of CSC2 pore
water may have lowered the chloride threshold by ∼2 orders of magnitude compared to that
in a typical pH >13 pore water in OPC concrete. Thus, corrosion could have initiated at
the cathodes as well, resulting in lower macrocell currents and consequent underestimation
by that metric of the extent of corrosion at the anode. For this reason, in estimating the
duration of the propagation stage, the summation of microcell and macrocell corrosion rates
was used, pending availability of direct observations on future autopsies.
The apparent chloride diffusion coefficient (Da ) was approximately estimated by assuming
simple one-dimensional Fickian behavior and fitting the concentration profile to the chloride
content data. The resulting apparent chloride diffusion coefficients were 8.1 x 10-12 m2 /s
and 7.0 x 10-12 m2 /s, for CSC2- and CSC2-b, respectively. While subject to considerable
uncertainty from the sparse profile data, those values are mutually consistent and comparable
to those encountered in highly permeable OPC concrete formulations.
Chloride penetration data were not available for CSC1 specimens at the time of measurement. However, since the potential and macrocell corrosion data indicated almost immediate
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corrosion initiation, it was assumed that transport of aggressive ions from the external surface to the anode bar was very rapid, likely by absorption rather than diffusion. Thus, a
transport-based calculation of the length of the initiation stage for CSC1 will be obviated
by taking ti =0.
4.2

Critical Corrosion Penetration Test
Results for corrosion products penetration depth and critical steel loss needed to cause

cracking of the concrete (Xcrit ) are presented as follows. A comparative analysis of CSCbased formulations and OPC-based concrete was performed under different exposure and
design conditions.

4.2.1 Corrosion Product Penetration
Corrosion products penetration behavior could be quantified through visual wide-area
3D profilometry techniques. Figures 4.10, 4.11 and 4.12 present a schematic of the collected
results from wide-area 3D profilometry imaging for OPC, CSC1 and CSC2-based concrete,
respectively. The aforementioned figures present a sample cross-sectional area image of a
quarter of the disk specimen with the steel specimen footprint zone highlighted. They also
present a close-up image for the area immediately underneath the steel specimen (section
I), which is expected to have the most corrosion products presence in the pore structure. A
close-up image for the outermost area is also shown (section II). Corrosion products are not
expected to dissipate through the outermost area due to the nature of the test.
For OPC-based concrete, Figure 4.10 shows that some corrosion products could be identified to be penetrating the concrete at a depth of 2.1 mm. For CSC1-based formulations,
from Figure 4.11 it can be seen that corrosion products trace reached a 6.2 mm depth in
the concrete specimen. CSC2-based concrete exhibited corrosion products penetrating 5.4
mm through the concrete. None of the samples suggested corrosion products presence in the
outermost areas.
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Figure 4.10: Cross-sectional area measurement of OPC-based disks concrete samples for
corrosion products penetration determination.
Figure 4.1 displays the average corrosion products penetration depth of two measurements
for each type of concrete formulation. Initial evidence suggests that corrosion penetration
was approximately 3 times deeper for CSC-based concrete compared to OPC-based mixes.
This information solely cannot be a direct indicative of corrosion behavior, for which further
experiments will account for time to cracking and corrosion-related steel loss. However, the
experiment appears to be viable for revealing corrosion penetration for comparative purposes.
Table 4.1: Corrosion products penetration depth results for all types of concrete analyzed.
Concrete formulation
OPC
CSC1
CSC2

Penetration depth (mm)
∼2
∼6
∼5
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Figure 4.11: Cross-sectional area measurement of CSC1-based disks concrete samples for
corrosion products penetration determination.

Figure 4.12: Cross-sectional area measurement of CSC2-based disks concrete samples for
corrosion products penetration determination.
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4.2.2 Critical Reinforcement Steel Loss (Xcrit )
The accelerated corrosion tests described in Figure 3.7 were used to estimate the critical
amount of steel loss required to cause cracking of the concrete (Xcrit ) in OPC, CSC1 and
CSC2 formulations.
As far as batch 1 results, photographic record and crack width measurements can be
retrieved in figure 4.13. For the same time of exposure (11 days), it can be seen that CSC
showed a larger crack width than OPC specimens. This would indicate that CSC cracks
were initiated prior to those of OPC and that further preferential corrosion at crack took
place for CSC samples.
Additionally, quantification of the total steel loss until the time of cracking was done
by calculating the quotient of the volume loss and the surface area as per Section 3.3.3,
and is presented in Table 4.2 as Xcirt . The average penetration was obtained from the total
current applied through Faraday’s Law, and yielded similar values for all types of concrete.
However, the critical corrosion penetration to induce cracking of the concrete can be seen
to be greater for OPC than for CSC-based concrete. This would suggest that, although the
overall steel loss was similar for all samples, the tolerance to the accumulation of expansive
corrosion products of OPC might be greater than that of CSC-based formulations. Further
experiments will be presented to assess these parameters in a larger batch of specimens for
more accurate profilometry results.
Table 4.2: Batch 1 average penetration and Xcrit results for all types of concrete.
Concrete type
OPC-a
OPC-b
CSC1-a
CSC1-b
CSC2-a
CSC2-b

Mass loss (g)
0.0257
0.0242
0.0242
0.0232
0.0238
0.0255

Average penetration (µm)
26.65
25.04
25.02
23.96
24.63
26.38

Average Xcrit (µm)
∼35
∼14
∼13
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Figure 4.13: Photographic records and crack width measurements after exposure for all
types of concrete.
As far as batch 2, Figure 4.14 shows the estimated values calculated from surface topography data of the corroded steel surface after the corrosion products were removed. As
indicated by the large error bars, some of the results exhibit extensive variability between
replicate samples. The variability might be in part attributed to differences in the quality of
the concrete mix among some of the replicate specimens. Additionally, due to manufacturer
stamps on the surface of some of the reinforcement, reliable Xcrit values were difficult to
obtain from the surface topography data. The data from these specimens are not included,
which is why some of the values do not include error bars.
For the experimental cover of 1 cm, CSC1 and CSC2 average Xcrit values were within
a range of ∼ 40-90 µm and OPC-based values were within a range of ∼ 30 - 70 µm, not
suggesting strong differentiation in the ability of the CSC formulations to accommodate
corrosion products. Focusing on the lower current density (5 and 10 µA/cm2 ) results, that
involved the least test acceleration and thus less prone to possible artifacts, the average Xcrit
values for both CSC1 and CSC2 were consistently ∼80 µm while the values obtained from
OPC-based concrete were ∼35 µm. These values are, however, also reflective of the small
cover to rebar diameter (0.63) used in the experiments, which tends to decrease the value
of Xcrit . Conversely, the experiments were performed in completely saturated conditions
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Figure 4.14: Estimated Xcrit values as a function of impressed anodic current density used
in the test.
and it is expected that Xcrit would decrease under regular unsaturated exposure conditions,
since the corrosion products are less likely to dissipate away from the interface and into the
concrete matrix.
The results may be approximately converted to more representative structural and ambient conditions by first noting that per Equation (21), at 0.63 cover to diameter, the value
of Xcrit for OPC under common unsaturated concrete conditions and no particular corrosion
localization should be ∼7 um. That value is about 20% of the 35 µm obtained experimentally for OPC under saturated conditions. Assuming that the same percentage applies to
the CSC concretes as well, the experimental results can then be further converted to a typical structural cover, e.g., ∼7.6 cm and rebar diameter e.g., ∼1.7 cm (6 rebar) application
again assuming the linear relationship between the cover-rebar diameter ratio and Xcrit in
Equation (21). That approach then results in rough estimates of Xcrit of 44 µm for OPC and
100 µm for both CSCs respectively under the generic application moisture and dimensional
conditions assumed for the example.
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4.3

Tentative Service Life Estimates
A summary of the above results is presented in Table 4.3 for all concrete types tested

under chloride-contaminated conditions with carbon steel reinforcement. Overall, the CSC1
formulation showed poor performance in its ability to block chloride ingress, which resulted
in almost immediate corrosion initiation upon exposure to the chloride solution. While the
macrocell-based estimated corrosion rates were not extremely high, the microcell-based rates
suggested that the corrosion may be dominated by local action on the anode surface. The
average Xcrit values obtained at lower current densities were greater for CSC1 than those of
the OPC-based concrete.
The CSC2 formulation under aggressive conditions, after ∼3.5 years of exposure to chlorides, has not displayed certain active corrosion behavior yet. The microcell and macrocell
corrosion rates measured were less for CSC2 than those of the CSC1 formulation. These
values were comparable to those of sightly active OPC concrete under similar exposure conditions. On the other hand, chloride diffusivity data obtained from alternate specimens
suggested CSC-based formulations to be highly permeable concrete. It remains to be observed whether the low apparent corrosion rate behavior will be sustained over longer periods
of time, while the Cl- content at the bar depth continues to increase. Similar to the CSC1
formulation, the Xcrit values for CSC2 measured at lower current densities were greater
than those of OPC, suggesting that the pore structure could accommodate more corrosion
products.
As the OPC concrete specimens had not entered an active corrosion regime during the
reported period, data on active corrosion rates were not available. Pending future measurements, an estimate was made based on corrosion propagation durations reported for similar
concretes in marine environments. For conditions similar to the above structural example,
a representative tp value in the order of 6 years may be assumed, which for Xcrit = 44 um
indicates CR = 7.3 µm/year, a value well within the range recognized for actively corroding
steel in concrete.
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Table 4.3: Estimated values for both CSC-based concrete formulations and OPC-based
designs.
Parameter
CSC1
2
Apparent chloride diffusion coefficient, Da (m /s)
—∗∗
Macrocell-based corrosion rate, CRmac (µm/year)
>2
Microcell-based corrosion rate, CRmic , (µm/year) 24 - 35
Critical steel corrosion loss, Xcrit (µm)
∼100∗

CSC2
∼7.5 x 10−12
<1
2-7
∼100∗

OPC
1 - 2 x 10−12†
7.3†
7.3†
∼44†

*

Extrapolated to a ∼7.6 cm concrete cover, 6 bar, unsaturated concrete conditions.
Reliable data are not available. Nearly immediate steel activation suggests fast non-diffusional transport.
†
Not measured. Estimated from literature.
**

Using these results, tentative service life scenarios may be examined per the simplified
model presented in Section 2.4. Table 4.4 shows example results for the representative
x=∼7.6 cm, #6 steel reinforcement case aforementioned, exposed to a marine environment
(not submerged) and using Table 4.3 values as the durability parameters. The initiation time
for OPC concrete was calculated per Equation 14 based on the diffusivity values assumed,
a marine service surface chloride content Cs= 25 kg/m3 , and an assumed value of chloride
threshold of 1.63 kg/m3 for plain steel (0.4% of the cement mass). The result is a value of
ti between 14 and 27 years, consistent with comparable cases documented in the literature
for conventional cement concrete without Pozzolanic additions and comparable cover. Per
the evidence presented earlier, the value of ti for CSC1 was taken to be zero. For CSC2, an
initial attempt to evaluate ti could be made by assuming that CT was simply associated with
the pore water condition [Cl- ]/[OH- ]=1, implicitly disregarding any binding phenomena. A
CT estimate would then be based on the CSC2 pore water pH, which is reported to be
∼11, 32 so [OH- ]∼ 0.001 M, and assuming that chlorides concentration threshold values can
be scaled to those for the pore water of the OPC concrete with nominal pH ∼ > 13, or
[OH- ] ∼ > 0.1 M. Thus, an upper bound for CT of CSC2 ∼0.017 kg/m3 could be projected.
Unqualified application of those parameter values to Equation 14 yields a nominal CSC2 ti
value of several years. However, such a small chloride content is likely to be exceeded due
to the presence of native Cl- or other aggressive ions in the CS cement, the aggregates or
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the mix water. Thus, pending the outcome of follow up investigations, it was decided not to
take credit for an initiation period for CSC2 and assign ti =0 to it as well. That approach
assumes that the steel in CSC2 is starting early on in an actively corroding condition, which
the experimental evidence suggests proceeds at a low rate under the assumption of uniform
corrosion.
Table 4.4: Example tentative estimates for a reinforced concrete element in non-immersed
marine exposure.
Parameter
ti (yr)
tp (yr)
ts , (yr)
*

CSC1 CSC2
0
0∗
3 - 4 13 - 33
3 - 4 13 - 33

OPC
14 - 27
6
20 - 33

No credit assumed for ti , pending further research.

The propagation duration for the example case was calculated for each concrete type
as the ratio of Xcrit to CR. For CSC1 and CSC2, it was assumed for simplicity that the
corrosion rate could be expressed as the sum of the macrocell- and microcell-based rates.
Based on the data obtained and the assumptions explained, the projected service life of
CSC2 may range between 13 and 33 years, while that for OPC may range between 20 and
33 years. The values presented are not meant to reflect actual service performance but
are used as a preliminary performance metric. The results suggest that the CSC2 concrete
formulation could have the potential for service life comparable to that of a moderately
permeable OPC-concrete, despite the much shorter corrosion initiation period. Caution is
in order, however, as the projection assumes sustained conditions over a period much longer
than that of the tests. Moreover, it is presently assumed that a concrete cracking limit state
defines the end of the propagation stage for CSC. Since the Xcrit values may be larger than
that of OPC, an alternative limit state may prevail in which the mechanical performance
of the reinforcement or bond between the CSC and reinforcement is compromised prior to
cracking of the concrete. This, along with a statistical treatment incorporating variability
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of the relevant parameters, will need to be addressed in future research prior to considering
the adoption of this material for aggressive service conditions.
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5. Concluding Remarks

Reinforced concrete made with calcium silicate cement (CSC) was analyzed and corrosionbased structural service life parameter estimates were obtained. A comparative study between CSC and ordinary Portland cement (OPC) corrosion performance was presented.
Parameters such as time of initiation (ti ), macro and microcell corrosion rate (CRmac and
CRmic ), critical steel loss (Xcrit ) were calculated. The results presented provide a first estimation of the corrosion-based service life prediction model for a novel concrete formulation.
Estimates shown in this work do not consider any variability of parameters or structural
properties. Thus, further research is required to predict structural damage distributions
over time. This section presents the conclusions obtained based on the results obtained by
this work.
• Under both chloride-free and chloride-contaminated environments, the initiation of
corrosion of carbon steel reinforced CSC1-based concrete can be assumed to be almost
immediate with a 90% confidence. For CSC2-based concrete, however, it cannot be
assumed that corrosion initiated for a period of ∼3.5 years of exposure.
• After a ∼3.5-year exposure period under chloride-free conditions, all concrete formulations, including OPC, CSC1 and CSC2, reinforced with galvanized, epoxy-coated and
stainless steel bars were still in the passive zone. For CSC1 samples reinforced with
galvanized and epoxy-coated steel, corrosion activation under chloride-contaminated
conditions was uncertain due to the proximity of the potential trend to the corrosion
threshold. OPC and CSC2-based concrete formulations under chloride-contaminated
environments did not show signs of corrosion initiation for galvanized, epoxy-coated
and stainless steel.
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• Macrocell corrosion rates for CSC1-based concrete with carbon steel yielded values
>1 µm/year, which are indicative of active corrosion in the system. Estimated active
corrosion rates after initiation for CSC1 were in the order of or higher than those typical
for active steel in OPC concrete. CSC2-based formulation resulted in macrocell current
values greater than 0.5 µm/year but lower than 1 µm/year, indicative of an uncertain
corrosion stage. OPC macrocell rates were negligible. Macrocell corrosion rate results
were in agreement with half-cell potential data. A longer test exposure is needed for
further analysis.
• Initial estimates suggest that corrosion products penetrate up to 3 times deeper in the
CSC-based concrete pore structure than in the OPC-based samples. This value must
not be taken as a direct indicative of corrosion performance but as a characteristic
comparison between concrete formulations.
• Results suggested that the critical steel loss (Xcrit ) needed to crack the concrete for
small cover, prismatic specimens was about twice as high for CSC-based formulations
than for OPC-based concrete. Further work is required for confirmation of accommodation of corrosion products abilities of the concrete formulations.
• Tentative durability estimates based on the above results suggest that, with appropriate
caveats, the CSC2-based concrete formulation could potentially have a comparable
service life to that of a moderately permeable OPC-based concrete.
• This work focused on phenomenological aspects under test conditions. Further investigation is required to develop mechanistic explanations of the observed corrosion
behavior.
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[39] Ezeddin Busba, Alberto A Sagüés, et al. Critical localized corrosion penetration of steel
reinforcement for concrete cover cracking. In NACE, Corrosion 2013 Conference, 2013.
[40] Bernhard Elsener, C Andrade, Joost Gulikers, Rob Polder, and Michael Raupach. Halfcell potential measurements—potential mapping on reinforced concrete structures. Materials and Structures, 36(7):461–471, 2003.
[41] RF Stratfull. The corrosion of steel in a reinforced concrete bridge. Corrosion, 13(3):43–
48, 1957.
[42] Joaquim Salvi, Jordi Pages, and Joan Batlle. Pattern codification strategies in structured light systems. Pattern recognition, 37(4):827–849, 2004.
[43] Peirong Jia, Jonathan Kofman, and Chad E English. Two-step triangular-pattern phaseshifting method for three-dimensional object-shape measurement. Optical Engineering,
46(8):083201, 2007.
[44] Astm g109-07, standard test method for determining effects of chemical admixtures on
corrosion of embedded steel reinforcement in concrete exposed to chloride environments,
2013.
[45] A Poursaee and CM Hansson. Potential pitfalls in assessing chloride-induced corrosion
of steel in concrete. Cement and Concrete Research, 39(5):391–400, 2009.
[46] Astm c876-15, standard test method for corrosion potentials of uncoated reinforcing
steel in concrete, 2015.
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